Cold fusion uses a catalyzed configuration change to replace plasma fusion's need for high energy particle collisions. 1 In radiationless cold fusion the configuration change is a coherent partitioning of deuterons into fractional pieces within a set of potential wells provided by a hosting lattice. 2 The coherently partitioned matter distribution is a Bloch wave function. Alpha addition transmutations 3 require active deuterium in the form of Bloch function deuterons with 2-dimensional periodic symmetry. 4, 5 The configuration change to Bloch form has been modeled as occurring in the interface volume between a salt and Pd metal. In Arata and Zhang radiationless cold fusion 6-8 reactive deuterons are modeled by Bloch ions with 3-dimensional periodic symmetry hosted in metallic nano crystals. 5 The nano crystals are isolated by salt-metal interfaces. In both cases the fusion process is modeled as a Li-Feshbach resonance transition to an excited nucleus state, with subsequent energy transfer to a metal lattice by phonon cascade. 5 The lattice structure of the deuterons is preserved in the product nucleus until the energy transfer is completed. For the 2-dimensional symmetry case, the intermediate nucleus or many-body nuclear system can sometimes be observed in "flake" lattice form, providing insight about the process. 5 Research on salt-metal interfaces could facilitate cold fusion technology.
Introduction
This paper builds on modeling published in the Proceedings of ICCF10 and ICCF11 and in the ANS meeting held in Washington in November 2005. Research results presented at ICCF12 clarify the picture of the cold fusion process, causing some revisions to the thinking presented in the ICCF11 Proceedings. New results influencing this paper are gas loading studies by Arata and Zhang 8 , and observations of abnormal nuclear products presented by Lipson et al. 9 , Roussetski et al. 10 and Savatimova. 11 The paper discusses the following topics: the catalytic nature of radiationless cold fusion 1 ; the proposed role of insulator-metal interfaces in promoting the coherent partitioning of deuterons in Iwamura's alpha addition transmutations 4 ; the proposed role of insulator-metal interfaces in heat-generating ZrO 2 ,Pd nano crystal powder 7, 8 ; a discussion of Oriani-Fisher energetic showers and their relation to observations by Lipson 9 , Roussetski 10 and Savvatimova 11 ; and a preferred picture of cold fusion reactions by LiFeshbach resonance reactions involving excited product nuclei in lattice-geometry states. 5 There seem to be 3 different process by which deuterons can be made to fuse so as to release nuclear energy. The conventional approach is thermonuclear fusion, which uses collisions between energized deuterons to create a transient 4 He nucleus that decays by energetic particle emission. Deuteron-deuteron (dd) fusion is modeled by scattering theory. Quantum wave mechanics uses wave functions to describe the colliding particles as plane waves. The waves are treated as if arriving from infinity, and as going away to infinity after scattering or reaction. Gamow factors calculating the probability of transmission through the dd Coulomb barrier are used in calculating fusion rates.
The other 2 dd fusion processes are catalytic processes. Catalysis substitutes configuration change for kinetic impact in promoting reaction. Catalytic processes usually use surface and interface science to reduce the temperature at which reactions can take place.
The one catalytic process that is generally accepted as leading to dd fusion is based on creating an anomalously high deuteron density. This high density is achieved in a D 2 + molecule by replacing the ion's electron by a negative muon. The process is called muoncatalyzed fusion. 12 The mass of the muon is 200 times the mass of the electron and creates a 200 times smaller molecule. The effective density is increased by a factor ~10 7 . At this density, quantum mechanics tunneling through the Coulomb barrier separating the 2 deuterons leads to a significant wave function overlap and fusion reaction rate. The nuclear products are the normal products of thermal plasma fusion. The process is not practical in a commercial heat source because of the short lifetime of the negative muon against decay.
The other catalytic method uses the reverse strategy. It works at normal density and uses a catalyzed configuration change to reduce dd Coulomb repulsion in a metal deuteride. The configuration change is called coherent partitioning, and the wave function describing the altered configuration is called a Bloch function. 3 When the Bloch function configuration applies to deuterons hosted in a metal crystal, energy-minimizing quantum mechanics replaces a 2-body wave function with Coulomb barrier by a 2-body wave function with anticorrelation. The anti-correlation factor reduces, but does not prevent wave function overlap and the associated possibility of fusion. The change in wave function configuration occurs when partitioning exceeds a critical value, namely, the point at which the quantum mechanics kinetic energy density associated with the dd repulsion singularity becomes greater than the potential energy density.
When the anti-correlation wave function configuration applies, wave function overlap occurs and coordinate exchange symmetry becomes established. The strong force nuclear interaction is then no longer blocked, and deuteron pairs can fuse to produce a helium nucleus of the same Bloch array configuration.
The Bloch dd↔helium transition remains a reversible fluctuation unless energy can be transferred out of the product nucleus. The normal energetic particle and gamma ray modes of energy transfer are blocked by the array geometry. Energetic particles and gamma rays cannot match onto the multiple-maximum array density structure of the Bloch ion. On the other hand, because Bloch deuterons and Bloch helium products have an array structure, they are small crystals that can store energy in their lattice degrees of freedom. Energy is stored in the form of excitations of lattice vibrations and in phonon excitations. If the product nucleus is produced in an excited nucleus state, some of the energy contained in the nuclear phonon modes can be resonantly transferred to the metal lattice provided that the difference between a pair of nuclear excitation levels matches the energy of a metal phonon mode, or multiple thereof. Phonon energy transfer appears to be the most likely mode of energy transfer that occurs in radiationless cold fusion.
Role of Insulator-Metal Interfaces
The Iwamura et al. 3 work and a subsequent theory 4, 5 suggest that it is possible for a process to occur involving nuclear transmutation, in which the equivalent of two alpha particles is added to a Cs or Sr nucleus. In the theory, the alpha addition transmutation process has been modeled as a 4-step process in which the first step is a Fleischmann-Pons (F-P) fusion of Bloch deuterium into Bloch helium. 2 This exothermic fusion step is postulated to take place inside the volume that constitutes an interface layer between a saltlike CaO crystallite and the transition metal Pd. The mechanism postulates the presence of deuterium in a 2-dimensional symmetry D + Bloch state. Conditions favoring this D + Bloch state may be provided by the CaO, which as an isolated crystal has a very negative free energy, and the transition metal Pd, which serves as a source of interface electrons. When the CaO makes contact with the Pd, the CaO serves as a lattice template and the more malleable sputtered Pd metal provides interface electrons that can neutralize the D + Bloch charge. The thickness of the interface can expand to accommodate ion-dressing Bloch electrons without impairing 2-dimensional periodic order. The process may be aided by deuterium fluxing through the CaO,Pd composite volume.
Further evidence for the possible role of insulator-metal interfaces in promoting Fleischmann-Pons cold fusion is provided by the DS-cathode work of Arata and Zhang 7, 8 . The authors have shown that oxidization of Zr,Pd alloys produces powder that, when deuterided, generates multi-watt levels of excess heat. These powders presumably contain ZrO 2 ,Pd interfaces. Arata and Zhang have persistently taught the need for deuterons to have high surface mobility throughout the powder beds inside their DS-cathodes, using the term "spillover deuterium" to describe this property 6 . They have used the absorption rate and the quantity of hydrogen absorbed at subatmospheric pressure to quantify this property and identify potentially useful materials. In their newest work 8 they have substituted elevated temperature gas loading for previously used electrolysis. The new work 8 is considered exploratory, and though not calorimetric, appears consistent with production of significant excess heat. If the presented observations using ZrO 2 ,Pd nano-crystals are confirmed, they may be a prelude to practical heating devices.
These observations suggest the need for a program to study and more fully understand the properties of insulator-metal interfaces and their applicability to the development of cold fusion heaters. Experiments are needed to more fully define the Iwamura and Arata type processes. There is need to study insulator-metal interfaces, and to determine whether or not a fully loaded deuterium interface is needed for configuring deuterium into active Bloch form. Recent condensed matter physics studies by Ichitsubo et al. 13 and by Barcaro et al. 14 illustrate two types of interface study that could be helpful. The Barcaro et al. paper points out that metal-metal bonding competes with surface adhesion during the formation of a saltmetal interface. Also, it is of interest to know whether a thin coating of adsorbed water on Pd powder can preserve the 2-dimensional periodic geometry of a "flake" nucleus that had previously been formed inside the periodic environment of the ZrO 2 ,Pd interface volume. Adsorbed water was measured in a post-run study of an Arata-type cathode containing Pd-black. 15 
"Flake" Nuclei
An important characteristic of dd fusion reactions occurring in accord with imposed Bloch geometry is that both initial state and final state wave functions preserve the coherent partitioning of ions described by Bloch functions. The geometry is that of a Bravais lattice. This geometry is imposed on weakly trapped deuterons by the electron lattice within which the deuterons are embedded or in contact. When 2-dimensional Bloch symmetry applies, the product nucleus has a Bloch symmetry form that resembles a 2-dimensional crystal, e.g., the geometry of a 1-atom thick flake of graphite. 16 However, unlike a 1-atom thick crystal, the Bloch geometry nucleus contains only a 1/N well fraction of a deuteron centered on each potential well position, instead of a full deuteron. Here, potential well means the localized volume containing a local minimum in the lattice potential as it attracts dressed-deuteron matter. Under normal circumstances, the flakes are viewed as being planar and embedded within the interstitial volume of a salt-metal interface. Under abnormal conditions the flake is viewed as being able to move from its creation site within its hosting interface lattice, and to expand or migrate to another location in or on the metal. In extreme cases a flake nucleus is thought to be able to dissolve into a polarizable solvent like water, and subsequently become air-borne without losing its lattice form, i.e. without collapsing to the "point" form of a normal nucleus. 5 At ICCF12, Savvatimova 11 reported on a post-run metal surface showing a parallel-to-thesurface etched structure that looked much like the cast of a metal-strip coil, with the axis of the coil parallel to the metal surface. In another case she showed a linear series of etch pits arranged in a straight line and spaced with a strictly periodic order, such as an almost-buried cylindrical coil might cause if it were to periodically touch the metal surface. Neither of these types of structures had ever been seen under conditions not associated with processes designed to induce cold fusion. To me the observations suggest a flake-like piece of nuclear matter with the geometry of a metal strip coil, such as is sometimes produced during machining of metal on a lathe. The flat strip geometry seems consistent with the idea of a rectangularly extended "flake" nucleus with a "many micron" x-dimension, a "micron" y-dimension and an "Angstrom" z-dimension, formed into a cylindrical coil.
At ICCF12 Lipson et al. 9 and Roussetski et al. 10 discussed "hot zones" in studies of deuterided and hydrided Pd,PdO plates. These hot zones seemed to be sources of nuclear active material which subsequently decayed, producing ~15-MeV alpha particles. Tracks corresponding to alphas of ~15-MeV incident energy were recorded in CR-39 plastic plate particle-track detectors. After exposure to the hydrided Pd,PdO plates, the CR-39 plates were etched to reveal the damage trails created by the incident alpha particles. (CR-39 can also record energetic protons, but with different track characteristics.) To explain the ~15-MeV alpha particles produced by Pd,PdO loaded with light hydrogen, I propose the nuclear reaction 2-1 H + 18 O → 4 He + 16 O. Here 2-1 H stands for a spin-paired spin-0 double proton. In its nuclear form the partitioned double proton is designated 2 He ++ Bloch . Synthesis of 2 He ++ Bloch is endothermic when non-partitioned, but is expected to be exothermic when the double proton is coherently partitioned at large N well , as described in Ref. 5 . To explain the ~15-MeV alpha particles produced by Pd,PdO plates loaded with deuterium, I propose an incomplete fusion reaction of the form 2-2 D (pn,pn symmetry) + M → 4 He (pp+nn symmetry) + M. Here 2-2 D is a Bloch-geometry spin-zero dd pair and M is an overlapped or colliding target nucleus subject to a transient transmutation analogous to the stable exothermic transmutations described by Iwamura et al. Note that the interacting nucleus M serves as a catalyst and is not changed by the reaction. In its nuclear form the partitioned double deuteron is designated 4 A consideration of these possibilities, in combination with the Li-Feshbach resonance picture described in ICCF12 and in the next section, suggests that the Oriani-Fisher showers 17 may occur by decay of a many-body piece of nuclear material that is produced and preserved in a vibrationally excited nuclear condition. The new picture differs from that presented in ICCF11. The ICCF11 picture was that showers originated in a cluster of individual ground-state nucleus "flakes" tangled up with each other and subsequently energized by collisions. 5 In the new picture the flakes that produce the alpha particles are viewed as being in long lifetime metastable states, as described in the next section. The many-body nuclear material is envisioned as not having fully transitioned to a Bloch ground state. The nuclear fusion reaction energy has not been fully dissipated and is available to provide the energy that appears when shower-producing disturbances convert the large flake Bloch system into a sum of nuclei in point nucleus form. In other words, when the phonon energy cascade process is blocked by the nuclear flake material being separated from its initial hosting metal lattice, its nuclear reaction energy still remains to energize the alpha particle emissions. In the new picture there is no need for a "Maxwell demon" energization process, as suggested in Ref. 5 . In the revised picture the physically large nuclear flake structures causing major shower events could be of the same type as those causing the surface anomalies observed by Savvatimova.
Cold Fusion by Li-Feshbach Resonance Reaction
One of the reasons that most physicists reject the possibility of radiationless cold fusion is the difference in time scale for point-particle nuclear interactions as compared with the timescale for lattice energy transfer processes mediated by electromagnetic interactions. However, this discrepancy does not always exist even in classical nuclear physics. In particular, it does not seem to exist for 0 + to 0 + nuclear transitions in normal impact nuclear physics, when there are no intermediate non-0 + states between the adjacent 0 + states. Ranken et al. have studied the 19 F(p,α o ) 16 O and 19 F(p,απ) 16 O reaction cross sections vs. proton energy. 18 These two transitions involve the branched alpha-emission decay of 20 Ne to the ground and first excited states of 16 O, both of which are 0 + states. The π in the second reaction stands for emission of an electron-positron pair in the transition between the excited state and ground state 0+ states of 16 O. Ranken et al. write, "The excited states of Ne 20 formed by proton bombardment show a high probability of decay by alpha emission to states of O 16 . Alpha decay to ground and first excited states of O 16 is of particular interest in that, although the states are widely separated in energy, they are identical in spin and parity (0 + ) and hence a comparison of the total cross sections for these two processes should yield information concerning the energy dependence of the alpha decay transition probabilities for states of Ne 20 . ..... In addition, the half-life of the pair-emitting state is sufficiently long, 5 x 10 -11 second, for the O 16 nucleus to come to rest before the emission takes place". This lifetime is compatible with the Planck time for phonon energy transfers within a metal lattice. One wonders how much longer the lifetime of the metastable state would have been if its energy relative to the ground state had been less than the energy required to create an electron-positron pair. One also wonders what the lifetime would have been if the excited state had been a Bloch state. For 0 + Bloch states, creation of an electron-positron pair is forbidden by lattice geometry regardless of the energy separation between the 0 + states, for the following reason, The Bloch state, with its multiple energy density maxima, cannot provide a sufficiently high energy density within any selected potential well of the set of occupied potential wells to create an electron-positron pair. The geometry mismatch prevents energetic particle emission.
When the reactants and product nucleus are both in coherently partitioned form, both their point-particle and gamma-ray emission decay modes are blocked. This constraint applies to radiationless catalytic cold fusion. This impediment to fast decay leads to the possibility that a Bloch fusion product nucleus can remain in an internally excited nuclear state for an extended period of time if its coupling to the hosting lattice is lost. However, if the nucleus product remains closely coupled to the hosting lattice by being part of a many-body Bloch system that is electrostatically coupled to the lattice, a cascade of energy transfer events can occur by acoustic phonon transfers from the Bloch nucleus with its lattice-geometry to the much more dense continuous spectrum of phonon states characterizing the host lattice. A first energy transfer to the host lattice changes an otherwise reversible fluctuation (a coalescence fluctuation) into an irreversible reaction. Subsequent cascading energy transfers lower the energy of an initially produced excited nucleus to its ground state energy. 5 Mossbauer transitions can, in principle, directly transfer momentum and energy from a Bloch subsystem to a hosting lattice during a fusion reaction. However, there is indirect way by which fusion energy can be transferred to the lattice without producing a direct fusion product. One can produce a transient excited Bloch nucleus and subsequently consume it in a transmutation reaction, as seemingly occurs in Iwamura et al. It is not yet clear how prevalent consumption of the direct fusion produce is. It might be occurring in Arata-Zhang experiments. Post-run 4 He has been proven to be present in post-run residual gas of an Arata-Zhang DS-cathode, but only at ~05% of that necessary to explain the generated heat. 19 However, I am inclined to think that the anomalously low helium content in the sampled ullage gas is an experiment problem caused by helium loss through micro-cracks in the stressed wall of the DS-cathodes. 20 Further experiment is required to resolve this issue.
The primary dd fusion reaction is considered to be enabled by a Li-Feshbach resonance. This means that the reaction takes place with near-zero energy dissipation. Li models this low energy dissipation by adding an imaginary component to the strong force interaction potential. 21 The resonating initial and final nucleus states, though nearly identical in energy, are different in either their internal nuclear configuration and/or in their internal nucleus vibration plus phonon excitation profile. Any configuration or excitation change occurring during a Li-Feshbach transition allows additional time for the irreversible transfer of a small quantum of energy to the hosting environment. Alternatively, an energy transfer may occur during the initial coalescence fluctuation.
With dd fusion, the strong force reaction occurs within a many-body subsystem 22 with Bloch geometry, and involves a spin-zero coordinate-exchanged dd coupling within the many-body system. Sometimes, a many-body system might contain only 2 Bloch deuterons within a nano-crystal of Pd. The 2-body case is the case modeled in References 2 and 5. The nuclear transition is a 0 + to 0 + transition. No orbital angular momentum is introduced by the coalescence process.
Much of the above is discussed as involving deuterons with 2-dimensional Bloch symmetry, patterned after a modeling of the Iwamura et al. process. However, because of the much higher, multi-Watt powers generated by Arata and Zhang, I continue to believe that their heat generation is based on 3-dimensional Bloch symmetry. Bloch deuterons are envisioned as being partitioned into a communicating network of shallow-well sites, consisting of two tetrahedral sites plus one peripheral, already-occupied octahedral site per unit cell. 
